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Noninvasive vibration testing is one of the tools for characterizing
the biomechanical properties of bones and muscle groups in
humans and animals. They present alternatives for evaluating
bone health quality and may serve as early indicators for bone
fragility and bone-related diseases. In recent years, a vibration-
based bone shock absorption (BSA) method has shown potential
to relate the damping capacity associated with the fundamental
(first) vibration modes for developing dynamic bone quality indi-
cators for osteoporosis patients. This research presents a study of
early life (birth to age 78 months) lead (Pb) exposure on the
damping capacity (bone fragility measures) with the bone shock
absorption method. The damping ratio corresponding to few
vibration modes is extracted and analyzed using clinical bone
shock absorption data of patients with different Pb exposure lev-
els. A method is developed for clustering and identifying three
dominant vibration modes and their corresponding damping ratio.
The statistical correlation between the damping parameters asso-
ciated with higher vibration modes and Pb exposure level is pre-
sented here. This study highlights the importance of analyzing
higher vibration modes and their damping capacity, which could
be used to predict early diagnostics precursors of the bone- and/
or muscle-related conditions or disorders.

[DOI: 10.1115/1.4050862]

Introduction

Vibration testing and analysis deal with dynamic characteriza-
tion (estimation of natural frequencies, damping ratios, and corre-
sponding mode shapes) of any biological system or integral
elements of the musculoskeletal system such as bones, muscle
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groups, ligaments, cartilage, collagen/elastin, noncollagenous pro-
teins in the bone mineral complex, water, etc. They characterize
the system’s dynamic behavior related to their physical parame-
ters such as inertia, stiffness, and damping capacity. Bending nat-
ural frequencies and corresponding damping ratios and mode
shapes of different human tibiae were obtained from the modal
vibration analysis in Refs. [1,2]. The relationship between the nat-
ural frequencies and the torsional stiffness of animal bones was
established in Ref. [3]. Such characterization allowed correlating
variation in vibration parameters to degradation or changes in the
mechanical properties of the bone and muscle groups of humans
and animals. For example, in Ref. [4], natural frequency measure-
ments on human and animal excised bones indicated reduced
bending rigidity in the osteoporotic tibiae compared to the control
group. Vibration analysis is being utilized for various research in
biomedical sciences and engineering. Natural frequencies are ana-
lyzed in Ref. [5] to study fracture healing in bones. The relation-
ship between bone mineral density (BMD) and natural
frequencies in the human tibia and its effect on soft tissues was
established [6]. The impact of the femur’s shape and density on
their natural frequencies was studied in Ref. [7], and geometrical
parameters were correlated with the natural frequencies and mode
shapes of the bone tibia [8]. Additionally, vibration-damping
parameters played a crucial role, which is investigated for linking
modal damping factor and BMD in sheep femora [9] and develop-
ing diagnostic tools for osteoporosis in rats [10].

A noninvasive bone shock absorption (BSA) technique [11] is
developed in recent years by the coauthor Bhattacharya and his
group. This technique utilizes vibration data obtained from
patients’ clinical testing and correlates the overall damping
parameters obtained at the different anatomical measurement sites
with the dynamic bone quality. BSA evaluation provides a
“signature” of dynamic bone quality because the measurement of
shock-absorption capacity captures an aggregate response of the
load-bearing musculoskeletal associated with dynamic active
heel-strike. It is shown in Refs. [11] and [12] that statistical analy-
sis of the damping factor associated with the lower extremity bone
segment was able to discriminate between patients with and with-
out vertebral fractures. A similar correlation was observed
between the damping and dynamic functional postural stability
(FPS) and fracture resistance [12]. Traditional dual-energy X-ray
absorptiometry (DXA) measurements for BMD alone may not be
sensitive enough for quantifying bone fragility (thereby predicting
future fracture risk). For example, in some populations, such as
children suffering from pediatric bone disorder osteogenesis
imperfecta [13], which necessitates new methods of quantifying
bone health and predict bone disorder. Hence vibration-based
BSA techniques may complement DXA measurements and could
offer potentially less invasive and less costly alternatives. These
studies have shown that the area under the receiver operating
curve (ROC), which are known as AUC values from BSA out-
come (damping), ranged between 0.91 and 0.70, while for BMD,
it ranged between 0.63 and 0.52 [11,12].

The method employed by Bhattacharya et al. [11-13] analyzed
the damping ratio associated with the fundamental (first) mode of
vibration corresponding to the first natural frequency, which
appears to be around 15-100Hz for the measurement of lower
body extremities. Measured vibration signature from complex
structures or biological systems will capture overall dynamics,
including lower frequencies (modes) corresponding to softer ele-
ments and higher frequencies associated with stiffer components.
For example, from experiments, it is found in Refs. [14] and [15]
that the human tibia has a first natural frequency significantly
higher than the range of 15-100 Hz analyzed in earlier BSA stud-
ies. The muscles, ligaments, and other connective tissue contrib-
ute to lower stiffness than the encompassed bone; hence their
contributions will be reflected in the fundamental frequency. The
first vibration mode could also be influenced by the dynamics
other than those of the skeletal part, such as postural balance
(dynamics of neuromuscular system associated movement of the
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center of pressure of the whole body), displacement of the joints,
or skin-mounted sensors’ oscillation, etc. For example, it is
observed that soft tissues vibrate at relatively low frequencies,
typically below 90 Hz [16]. Therefore, we hypothesize that higher
frequencies and their corresponding damping ratios may provide
an accurate and consistent association with bone health (stiffer/
hard tissues) compared to those obtained for lower frequencies.
Hence, to comprehensively characterize bone health concerning
its damping capacity, higher modes of vibrations need to be ana-
lyzed. An analysis of damping associated with the higher vibra-
tion modes and its correlation with the dynamic bone health
quality indicators is not available in the literature.

In this research study, clinical data from a BSA study investi-
gating the effect of lead (Pb) on bone health based on vibration
signature are analyzed and summarized here. There is sufficient
evidence in the literature that exposure to Pb has been shown to
detrimentally impact bone health for a prolonged period even after
the initial exposure because of its half-life lasting multiple deca-
des. There are numerous pathways through which environmental
Pb invades the body, such as breathing, drinking, dermal absorp-
tion, to enter the pulmonary system and the blood circulation. The
early Pb exposure initially impacts the soft tissue (e.g., neuromus-
cular system) via blood, affecting vital organs ranging from the
central nervous system (CNS), vision, muscles, kidney, and many
more [17]. Since Pb has been documented to penetrate the blood-
brain barrier, the CNS soft tissues are impacted, damaging struc-
tural and functional abilities [18-20]. After causing initial trauma
to the soft tissues, Pb deposits in the bone (hard tissues). Pb
sequestered in bone continues to reside for decades because of its
long half-life, thereby being a source of internal exposure. During
hormonal changes associated with pregnancy and menopause, the
Pb returns to the blood circulation traumatizing the soft tissues
again [21]. Lead pharmacokinetic literature documents that Pb
affects osteoclastic and osteoblastic processes, hormonal signaling
pathways, and the rate of growth plate chondrocyte maturation
[22-25]. Collectively, these potentially contribute to bone fragility
and functional postural instability as an added risk of fall-related
fractures [26-29]. This paper tests the hypothesis that elevated
blood lead levels may be correlated to potential changes to bone
quality due to different Pb levels. To the best of our knowledge,
no studies are available relating blood lead levels in humans and
their effect on bone health.

Therefore, this research deals with a two-pronged investigation,
including damping characteristics associated with higher vibration
modes and its correlation with dynamic bone quality related to
blood Pb levels. The study is targeted to analyze the vibration
characteristics (natural frequencies and damping ratio) of the
patient data for a range of the spectrum (~up to 500 Hz.). Steps
involving vibration analysis of patient data are presented. Based
on the extracted natural frequency and mode pairs, the process,
rationale, and results for statistical clustering to identify dominant
modes vibration for all patient populations are presented. Subse-
quently, analysis of variance (ANOVA) analyses to find the corre-
lation between damping capacity associated with the higher
vibration modes and patient blood led level is summarized and
followed by the conclusions and future direction for this research.

Methods and Results

Subject Profile. In this study, subjects were recruited from the
Cincinnati lead study (CLS), which is the longest continuously
active prospective investigation of prenatal/early postnatal Pb
exposure on human development in the world [28,30,31]. The
CLS cohort of predominantly African-Americans living in Cincin-
nati neighborhoods in older homes with Pb contaminations with-
out repair. As highlighted earlier, long-term exposure to heavy
metal, Pb is known to have serious health consequences in the
neuromuscular system and bone health. In subsequent analysis
and discussion, we will present the effect of Pb exposure on the
fragility of the hard tissues (bone) of the CLS female cohort.
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Demographics of the CLS subjects are: mean age in years (SD):
33.10 (1.45); mean height in cm (SD): 164.56 (7.63); mean body
mass in kg (SD): 92.90 (30.37); mean BMI (SD): 34.13 (10.53).
The subjects were placed in four blind groups (lowest Pb exposure
to the highest level: quartile-1, 2, 3, and 4) according to their
blood Pb exposure levels for data analysis. According to the CDC
guidelines [32], blood Pb above 5ug/dL is clinically relevant and
reportable to the public health agency. The least-squares means of
blood Pb groups between the highest blood Pb quartile (group 4)
and the lowest blood Pb quartile (group 1) were significantly dif-
ferent (p < 0.0001). Mean blood Pb levels of all quartiles ranged
between 7.37 (SD: 1.16) and 21.93 (SD: 4.64) were above the
CDC guideline of acceptable blood Pb level of 5ug/dL. The Uni-
versity of Cincinnati provided experimental vibration response
data for 90 test subjects, all of whom were adults who had all
been exposed to unhealthy levels of lead as children (birth to age
78 months) [28,31].

Data Collection. Experimental time-domain subject data was
extracted from two skin-mounted accelerometers attached to the
skin at the lateral femoral condyle and tibial tuberosity and a force
plate used by the subjects their stationary foot strike. The reso-
nance frequency of the force plate along the excitation axis (verti-
cal) is 1000 Hz. Subjects lift their one foot while keeping the other
foot grounded and heel-strike the force plate replicating natural
walking. A diagram of this setup is shown in the sensor placement
schematic in Fig. 1. Low-mass, skin-mounted accelerometers
were attached to the bony prominences by metal/hard Lexican
holders secured on the skin with micropore tape. Previous studies
by the coauthor [11,33] and others [14,34] have demonstrated that
the use of low-mass accelerometers minimizes the effect of soft
tissue under the accelerometers (<5% loss of accelerometer infor-
mation), thereby providing a reliable measure of shock wave
propagation during heel strike. Moreover, the whole-bone strength
is influenced by both the trabecular structure and the cortical bone
surrounding the trabecular structure [35]. Therefore, in this study,
accelerometers were attached to the Femoral Condyle above-knee
(AK) and below-knee (BK), giving an aggregate damping value
for both trabecular and cortical bones, as shown in Fig. 1.

Femoral Condyle
Sensor (~AK)

Tibial Tuberos]ty
Sensor (~BK)

Fig.1 Sensor placement schematic
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Fig. 3 A representative curve fit for mode pair estimation

Data from accelerometers were collected at a sampling rate of
1000 Hz, which allowed investigation of up to 500Hz. of fre-
quency response without any aliasing bias. Five tests (single foot
strike on force plate) were performed for each subject. The time-
domain signals associated with the input force f(#) and the output
acceleration ¥(7) were converted into the frequency domain. The
frequency response function (FRF) or transfer function associated
with each sensor and force plate pairs was extracted using a dis-
crete Fourier transform. A representative FRF is shown in Fig. 2
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for a range of frequencies between 0 and 500 Hz. Each FRFs were
curve-fitted using the Rational Fraction Polynomial (RFP) tech-
nique [36] for a specific range of frequencies. A representative
curve fitting for the two frequency range is shown in Fig. 3.
Stability-diagram (a modal analysis tool [36]) was used for each
FRF to identify the correct number of nonspurious vibration
modes (model order). We carried out stabilization analysis with
1-20 vibration modes for a selected frequency range, which
allowed us to identify an accurate number of vibration modes.
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This process permitted a correct curve fit toward the computation
of natural frequencies and damping frequencies for the selected
range of frequency by the peak picking method [37].

An individual dataset can have multiple peaks representing
multiple vibration modes and their respective directions. In past
studies [11,12], the damping ratio at the lowest (first) vibration
mode (~30Hz) was considered the indicator of bone quality,

while in this study, the damping ratios associated with higher-
frequency vibration modes are used, as highlighted in Fig. 2. The
FRFs were then divided into several smaller bins to identify the
peaks in regions of differing magnitudes to identify prominent
vibration modes among the subject population and filter less
prominent (dominant) local peaks. These bin boundaries were
placed such that the dominant vibration modes near the bin edges
are preserved and not lost. Curves fit strategy, as shown in Fig. 3,
was then applied to each segment of the FRF, which evaluated
natural frequencies and corresponding damping ratios at each
mode within the selected bin of frequency range. This process
was repeated with another set of frequency-bins with differing
boundaries defining upper and lower bounds of frequencies. The
natural frequencies and damping ratio data from both bin sets
were combined, and duplicates were removed. This approach is
beneficial for subsequent statistical analysis. It allowed unique
frequency/damping pairs present in both bin-sets to help capture
prominent modes and higher-density regions in the combined
data.

Statistical Clustering and Analysis. A histogram of natural
frequency data collected from all four groups is presented in
Fig. 4(a), indicating a prominent mode at around 30 Hz, which
was the basis for past BSA studies. Additionally, prominent
modes around 250 Hz and 450 Hz are also observed. By removing
the frequencies below their mean value plus one standard devia-
tion of the natural frequencies from their respective bins, three
dominant modes can be identified. The filtered frequency histo-
gram representing the dominant modes near 40, 350, and 450 Hz
is shown in Fig. 4(b). These frequencies serve as target regions for
density-based spatial clustering in determining the mean damping
ratios corresponding to frequencies associated with these modes.

Density-based spatial clustering applications with noise
(DBSCAN) is a clustering tool used to identify regions in a two-
dimensional dataset with high spatial density, separated by lower
density regions. This tool is resistant to noise, and unlike other
methods such as Gaussian clustering, it does not assume the clus-
ters to be of a specific shape [38]. For this application, DBSCAN
was used to find the frequency-damping pairs that are most preva-
lent. For example, Fig. 5 shows representative clustering results
for the tibial-tuberosity sensor for one group. This process was
applied to each group and sensor combination, resulting in 16
clustering results, each identifying three modes consistent with
those suggested by the frequency histograms. The means and
standard deviations of the damping ratios for each cluster were
then calculated. The values obtained from the left leg tibial-
tuberosity sensor are shown in Table 1. A decrease in a damping
ratio corresponding to an increase in frequency (denoted by modes
1, 2, and 3, respectively) is observed from the clustered data. A
lower (fundamental) vibration mode of vibration captures the

Density Based Cluster Plot, group one,

left leg, below knee, epmod: 0.6
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Fig.5 Example DBSCAN results for group 1 tibial tuberosity sensor (legends 1, 2, 3 denotes
the significant dense cluster of identified modes and —1 represents outliers of clustering

scheme)

034501-4 / Vol. 4, AUGUST 2021

Transactions of the ASME



Table 1 Means and standard deviations of the damping ratio of the dominant mode groups associated with left leg tibial-
tuberosity
Dominant modes Group 1 (lowest blood Pb quartile) Group 2 Group 3 Group 4 (highest blood Pb quartile)
1 0.2364 = 0.1181 0.2202 = 0.0982 0.2133 £ 0.1065 0.258 = 0.1421
2 0.0339 = 0.0447 0.0421 = 0.0568 0.0231 = 0.0292 0.0222 = 0.0325
3 0.0096 = 0.015 0.0103 =0.0156 0.0063 = 0.0069 0.0085 = 0.0128
Table2 Pairwise ANOVA results associated with left leg tibial-tuberosity between different groups having various Pb levels
Dominant Group 1 versus Group 1 versus Group 1 versus Group 2 versus Group 2 versus Group 3 versus
modes group 2 group 3 group 4 group 3 group 4 group 4
1 0.4769 0.3402 0.4309 0.7469 0.1293 0.0903
0.2202 0.0457 0.0303 0.0036 0.0019 0.8486
3 0.689 0.0175 0.4626 0.0063 0.2653 0.0682
0.15 bone quality measures (in our case, damping ratio). It can be
observed from Table 2 that the p-values associated with second
+ and third vibration modes are lower for some group pairs, and
except for one set of pair, the p-values of the first mode are higher
N than those of the second mode. For each group pair, the lower p-
01} I + values among the three dominant modes suggest that the higher
2 I + frequencies provide a better basis for identifying discrepancies
%J : o (significant statistical difference) in bone quality measures (in our
£ I case, damping ratio).
£ I i Moreover, observations between the paired groups also high-
S o005t : T light the significant statistical difference between different blood
: Pb level groups. For example, a representative group-wise com-
parison is shown in Fig. 6. A decrease of 0.0117 in the mean
damping ratio corresponding to the second mode from group 1
>_< S - (lowest blood-lead) to group 4 (highest blood lead) is observed in
ot = o R Iy Figure with a p value of 0.0303, highlighting a significant differ-
A " ence between their damping ratio. For the second mode, similar
Group 1 Group 4 trends (p < 0.05) can be seen between other group pairs (group 1-

Fig. 6 Group-wise anova for mode 2 for group 1 (lowest blood
Pb quartile) versus Group 4 (highest blood Pb quartile) for the
sensor associated with the left leg below knee (LBK)

dynamics of softer (less stiff) materials. They tend to have more
energy dissipating mechanisms and hence a higher damping ratio.
Higher modes characterize more rigid (stiff) material, and there-
fore they will have lower damping associated with it. This charac-
teristic is observed in Table 1, which shows that the mean
damping ratio associated with higher modes (mode two and mode
three) is comparatively lower than that of the first mode.

To check the statistical difference between the mean damping
values of three modes associated with each group having different
blood Pb level exposure, ANOVA tests were carried out.
Repeated group-wise one-way ANOVA first compared the mean
damping values for each vibration mode. This process was con-
ducted independently at each of the four sensor locations: above
the right knee, below the right knee, above the left knee, and
below the left knee, necessitating 72 total comparisons; one for
each group, sensor, and mode combination. A statistically signifi-
cant decrease (p < 0.05) for 21 out of the 72 comparisons was
identified. The higher p-values signify the null hypothesis that
there is no difference in damping ratio among the groups having
different Pb levels. A p-value less than 0.05 (p < 0.05) corre-
sponds to a 95% confidence interval, and it rejects the null hypoth-
esis indicating a significant difference in damping ratio among
two different groups. A representative p-values of the compari-
sons for the left leg’s tibial-tuberosity sensor are presented in
Table 2. The p-values at the second and third modes are generally
lower than those at the first mode, indicating that the higher fre-
quencies provide a better basis for identifying discrepancies in
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group 3, group 2-Group3, and group 2-group 4). These results
support our hypothesis correlating the damping ratio associated
with the higher modes and varying blood Pb levels exposure.

Conclusion

This research summarizes the data about the impact of early
life Pb exposure on the bone fragility and potential risk of fracture
among African American women in the CLS cohort. The damping
capacity among subject groups with varying Pb exposure levels
groups is investigated through a systematic clustering and statisti-
cal analysis of clinical BSA data. A decrease in a damping ratio
corresponding to an increase in frequency (higher vibration
modes) was observed for all groups representing lower damping
capacity of the stiffer section (bones). Statistical analysis demon-
strates differences in the damping ratio among the patient groups
with different blood Pb levels. For example, it can be observed
that the damping ratios associated with the second mode have a
statistical correlation with the varying blood Pb level exposure.
This observation supports our hypothesis that higher frequency
and damping ratio may be treated as bone fragility degradation
measures. Differences in such degradation may contribute to
some health conditions (in this study, different Pb level exposure).
It is also observed that measurements are taken from the right-leg
generally exhibit lower p-values than those obtained from the left
leg. This discrepancy may be attributed to the manual identifica-
tion of the frequency-damping pairs (peak picking method).
Another explanation may be contributed to observation in Ref.
[39] that approximately 81% prevalence of right leg dominance in
humans, resulting in differences in skeletal muscles between right
and left legs. Future research in this area may involve multiple tri-
axial accelerometers on the lower body to identify different direc-
tional modes of vibration (axial, transverse, or lateral) and their
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associated damping capacity. Animal models of clinical BSA tests
have shown that knee joint (50%) and bone plus skin (38%+12%)
have the top two contributions to the damping capacities of the
musculoskeletal system [40]. Other factors, such as noncollagenous
proteins (Osteopontin), also play an essential role in the dissipation
of mechanical energy when subjected to load [41]. Hence, future
human studies are needed to noninvasively investigate the impact
of different factors (Pb, Osteopontin, etc.) on the relative damping
capacities of various musculoskeletal segments. More studies
involving damping ratio associated with a range of natural frequen-
cies and their correlation with health measures may help realize the
use of noninvasive wearable technologies for the future, which may
serve as useful indicators and precursors for bone health quality.
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